Electronic structure of [11 0] SI~Ge thln~layer superlattices Sverre Froyen, D. M. Wood, and Alex Zunger Solar Energy Research Institute, Golden, Colorado 80401 (Received 3 January 1989; accepted for publication 4 April 1989) First-principles electronic structure calculations for Sin Ge ll superlattices ( for n = 4, 6, and 8) grown epitaxially on a (110) Si substrate reveal a nearly direct band gap (to within ;::;0.04 eV for fl = 4) despite the pronounced indirectness of its constituents. This is unlike superlattices grown in the [001] direction, which are indirect when grown on Si and quasi-direct only on substrates with larger lattice constants, e.g., Ge. Transition dipole matrix elements for the lowest energy direct transition vanish for all repeat periods n but are finite for several other new low-energy transitions.
When the atoms in a disordered alloy are arranged into the ordered structure of a superlattice, the original alloy BrilIouin zone folds into a smaller superlattice zone. This folding can convert indirect transitions in the alloy into direct, optically allowed transitions in the superlattice. This possibility has spurred current interest in thin-layer superlattices ofSi and Ge, 1-10 where two indirect, technologically mature constituents can potentially be grown as a direct band gap compound using molecular beam epitaxy. So far, the research has focused on [0011 oriented substrates and superlattices. These have been predicted]')'£' to be quasi-direct ll (at f) when grown on Si-Ge alloy (with at least 50% The calculations are carried out as described in Ref.
6. All structural degrees of freedom have been relaxed subject to the constraint of coherent growth on Si. We find that all the [l1OJ superlaUices have the same total energy (to within 3 me V per Si-Ge pair), equal to the energy of the previously calculated fOOl] superlattices. 6 The LDA, with its well known band-gap problem, underestimates conduction-band energies. Fortunately, the lowest superlattice conduction bands derive only from Si and Ge X states. We can therefore approximately correct for the LDA error, at least for the Xderived states, by shifting our calculated conduction-band states upwards by 0.64 eV, as discussed in Ref. 6 . Figure 1 shows calculated band energies at symmetry points for the n = 4,6, and 8 [110] superlattices. We also show (as n = 00) values appropriate for 11 SilGe interface, i.e., calculated band offsets. We calculate an average valence-band offset for the Si-Ge interface of 0.5 eV. The band energies of each superlattice have been appropriately aligned so that any band offset can be read off the figure. Figure 2 shows planar-averaged wave functions I ¢i 2 for the f -folding states in the n = 6 superlattice. We have chosen to label the states with fcc symmetry labels indicating the alloy origin of each state and adding an overbar to indicate that it is a super~ lattice state. Table I ) changes with n, causing a small shift upwards for n = 6 as it interacts with the valence-band state [',,2 . This is also seen in the complementary nature of the wave functions [see Figs. 2(b) and 2(d)]. There is a small residual downward dispersion immediately away from r, reflecting the downward dispersion from X to the conduction-band minimum at A in the alloy. This dispersion is indicated by the shaded area in Fig. 1 (a) , and amounts to 35, n, and SO meV for n = 4,6, and 8, respectively. For compari- calized with the exception of the X~I state, which is localized on the Si sub lattice, and the upper of the fc>'fc2 pair, which is localized on the Ge sublattice [see Figs Our calculation does not include spin-orbit coupling, although qualitative features can be estimated from perturbation theory.13 Its main effect is to couple the top three states, f ,,1-3' at the valence-band maximum. This can make dipole~forbidden transitions weakly allowed, and can shift the top valence-band state upwards by at most t:. o /3, where 110 is the spin-orbit splitting at the valence-band maximum for the unstrained solid: 0.04 eV for Si, 0.30 eV for Ge, and ::::: 0.17 e V for the superlattices (the average of the constituents). This shift reduces the direct band gap and slightly modifies the valence-band offsets. The effect of spin orbit on the confinement ofthe superlattice states is thus expected to be small. orders of magnitude larger for n = 6. Unfortunately, the lowest energy dipole transitions in the n = 6 superlattice are symmetry forbidden.
We have shown that thin-layer Si-Ge supcrIattices grown on Si substrates have quasi-direct band gaps provided Mannaerts, Phys. Rev. Lett. 58, 729 (1987 
